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SUMMARY 
A wind-tunnel study of the sonic-boom characteristics of a 0.0004-scale 
model of the space shuttle orbiter has been conducted. Pressure signatures 
were measured at Mach numbers of 2.8 and 4.14 and at angles of attack of 0.30, 
19.00, and 41.0°. To allow for observation of signature development and to 
provide data for extrapolation to larger distances, measurements were made at 
distances of from 8 to 32 body lengths. Relatively simple, purely theoretical 
prediction methods provided reasonably accurate estimates of bow-shock over- 
pressure and signature impulse. Signature length predictions were less accu- 
rate, but still useful. 
INTRODUCTION 
A large number of wind-tunnel experimental programs (some examples are 
given in refs. 1 to 3)  have been conducted to explore the nature of sonic-boom 
phenomena and to define the applicability of theoretical prediction methods. 
Generally, these studies demonstrated a rather remarkable ability of simple 
theoretical methods (based primarily on refs. 4 to 7 and described in ref. 8) 
to provide accurate estimates of sonic-boom characteristics for airplanes at 
moderate supersonic speeds. The data of reference 9 showed that the applica- 
bility of the simplified far-field theory may be extended to high supersonic 
Mach numbers (M = 4.14) and to very blunt bodies - shapes representative of 
entry vehicles. 
The purpose of the experiments reported herein is to explore the applica- 
bility of the theory to a representative spacecraft configuration at high angles 
of attack and at high supersonic speeds. A 0.0004-scale model of the space shut- 
tle orbiter (configuration 140A/B) has been tested at Mach numbers of 2.8 and 
4.14 and at angles of attack up to 41.00. Pressure-signature measurements were 
made at distances of 8 to 32 body lengths to trace the evolution of the flow 
field and to provide data for extrapolation to large distances where the appli- 
cability of the theory could be assessed. 
Wind-tunnel tests of a much larger scale (0.0041) model of an orbiter con- 
figuration reported in reference 10 provide signature measurements at about 1 
to 1-1/2 body lengths, but those results are inappropriate for comparisons with 
I far-field theory. 
SYMBOLS 
Values are given in both SI and U.S. Customary Units. The measurements and 
calculations were made in U . S .  Customary Units. 
A (XI 
A, (XI 
cross-sectional area normal to free-stream direction, m2 (ft2) 
effective cross-sectional area due to a combination of actual area 
and lift, A ( x )  + B(x), m2 (ft2) 
equivalent  c ros s - sec t iona l  area due to l i f t ,  m2 ( f t 2 )  
local wing span, m ( f t )  
l i f t  c o e f f i c i e n t ,  L/qS 
l i f t  c o e f f i c i e n t  a t  ze ro  angle  of attack 
camber l i f t - d i s t r  i bu t ion  f a c t o r  
a rea  d i s t r i b u t i o n  func t ion  
perpendicular d i s t a n c e  from model c e n t r o i d  to measuring probe, m ( f t )  
a l t i t u d e  o f  a i r c r a f t  (veh ic l e )  above sea l e v e l ,  m ( f t )  
r e f l e c t i o n  f a c t o r  
model or s p a c e c r a f t  shape f a c t o r  (see eqs. ( 5 ) ,  ( 6 ) ,  and (7) ) 
l i f t ,  N ( l b )  
l i f t i n g  f o r c e  per u n i t  l o n g i t u d i n a l  d i s t a n c e  
model reference length,  1.27 c m  (0.500 in . )  
Mach number 
reference pressure, f r e e  stream s t a t i c ,  Pa ( l b / f t 2 )  
incremental  p re s su re  due to model flow f i e l d ,  Pa ( l b / f t 2 )  
incremental  p re s su re  a t  bow shock, Pa ( l b / f t 2 )  
Y - pM2, Pa ( l b / f t 2 )  
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dynamic p res su re ,  
model wing r e fe rence  area, 0.4 c m 2  (0.062 in2 )  
pressure-s ignature  d u r a t i o n  from b o w  shock to t a i l  shock, sec 
d i s t a n c e  measured i n  f ree-s t ream d i r e c t i o n  from body nose, m ( f t )  
l o n g i t u d i n a l  d i s t a n c e  from p o i n t  on p res su re  s i g n a t u r e  to p o i n t  where 
s i g n a t u r e  crosses zero-pressure r e fe rence  a x i s ,  m ( f t )  
l o n g i t u d i n a l  d i s t a n c e  from bow shock to p o i n t  where s i g n a t u r e  crosses 
zero-pressure r e fe rence  a x i s ,  m ( f t )  
angle of  a t tack,  deg 
B 
Y 
T 
TO 
ratio of s p e c i f i c  h e a t s  (1.4 f o r  a i r )  
dummy v a r i a b l e  of i n t e g r a t i o n  measured i n  same d i r e c t i o n  and using 
same u n i t s  as x 
value of T giv ing  l a r g e s t  pos i t i ve  value of i n t e g r a l  
A double prime is used to i n d i c a t e  a second d e r i v a t i v e  wi th  respect to x. 
mDELr APPARATUS, AND TESTS 
Drawings of the  model and t h e  test apparatus a r e  presented  i n  f i g u r e  1, and 
a photograph of the model is shown i n  f igure  2. The model was cons t ruc ted  to a 
scale of 0.0004. A m o d e l  of t h i s  s i z e  can, of course, r ep resen t  on ly  the  g r o s s  
f e a t u r e s  of t he  f u l l - s c a l e  vehic le .  Care was taken, however, to reproduce i n  
scale those  f e a t u r e s  which are most important i n  sonic-boom genera t ion  ( t h e  
o v e r a l l  area development and the  wing planform). The model re ference  length  
was taken to be 1.27 cm (0.50 i n . ) .  
A ske tch  of the wind-tunnel test  apparatus  is also shown i n  f i g u r e  1. The 
m o d e l  actuator, mounted on t h e  tunnel  s idewall ,  provided remotely c o n t r o l l e d  
l o n g i t u d i n a l  motion f o r  the  model. Pressure probes mounted on the  permanent 
t unne l  s t i n g  support system were capable  of remotely c o n t r o l l e d  l a t e r a l  and 
l o n g i t u d i n a l  movement. The tunne l  s t i n g  support motion was used to place the  
model and the  p re s su re  sens ing  appara tus  i n  t h e  proper r e l a t i v e  p o s i t i o n  and t h e  
model ac tua to r  was used to move the  model from one p o s i t i o n  to  another as the  
measurements were taken. The pressure-sensing appara tus  was cons t ruc ted  such 
t h a t  t he  pressure s i g n a t u r e  of  the mode1 could be r e g i s t e r e d  by the  sens ing  
probe before t h e  bow shock impinged on t h e  o r i f i c e s  of t h e  r e fe rence  probe. 
The probes were very s lender  cones ( 2 O  cone ha l f - ang le ) ,  each having top 
and b o t t a n  o r i f i c e s  wi th  a diameter of  0.089 cm (0.035 i n . ) .  These probes were 
pos i t ioned  so t h a t  a l i n e  connecting the  two orifices was perpendicular  to a 
h o r i z o n t a l  plane conta in ing  t h e  probe and the  m o d e l .  
s e l e c t i o n  and cond i t ions  under which simple s t a t i c  p re s su re  probes can be 
expected to g ive  accu ra t e  r e s u l t s  is given i n  r e fe rence  9. Other considera- 
t i o n s  i n  providing accu ra t e  wind-tunnel measurements of sonic-boom charac te r -  
istics are given i n  r e fe rences  11 and 12. 
A d i scuss ion  of probe 
The i n v e s t i g a t i o n  was conducted i n  the Langley Unitary Plan wind tunnel  a t  
Mach numbers of 2.8 and 4.14. The test condi t ions provided a Reynolds number 
of 6.56 x l o 6  per meter (2.0 x 106 per foot )  a t  both Mach numbers. 
THEORETICAL CONSIDERATIONS 
The cha rac t e r  of spacec ra f t  conf igura t ions  and t h e i r  o p e r a t i o n a l  environ- 
ment permit t h e  use of  f a r - f i e l d  theory  for sonlc-boom pred ic t ions .  
ness  assures a r ap id  coalescence of s h o c k s  to form a simple wave form e a r l y  i n  
The blunt-  
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the propagation, and the high altitudes provide sufficient time for the forma- 
tion of the classical far-field N-wave pressure signature. 
The existing near-field theoretical prediction methods are inappropriate 
for this application. The near-field numerical prediction methods (refs. 13 and 
14) have been shown to provide detailed signatures which correlate well with mea- 
sured signatures for supersonic cruise airplanes. However, the so-called near- 
field theories are based on a supposition that the generating bodies are long 
and slender and the disturbances are everywhere weak. These are conditions 
which obviously are not met in the present investigation. It should be noted 
that the near-field theory gives signatures which in all cases are longer than 
those given by far-field theory for the same conditions;l whereas, as has been 
shown in reference 9 and as will be seen here, experimental signatures for blunt 
shapes and stronger disturbances are actually very much shorter than those given 
by f ar-f ield theory. 
The far-field theory employed in this study is described in reference 6. 
Discussions of the theory, development of numerical methods for its implementa- 
tion, and numerous correlations with experimental data are given in reference 15. 
In the following equations obtained from reference 6, the characteristics 
of sonic-boom signatures directly under the flight path of an aircraft in level 
supersonic flight are related to the geometry of the aircraft and the flight 
conditions. The bow-shock overpressure is expressed as 
The length of the positive portion of the N-wave pressure signature is given by 
Thus, the impulse or the area under the positive portion of the signature is 
The function F ( T )  in equations (l), ( 2 ) ,  and (3) depends on both the 
cross-sectional area and an effective cross-sectional area due to the lift dis- 
tribution of the vehicle and is defined as 
~ 
lAlthough this statement is supported by evidence from practical applica- 
tions of the theories, a formal proof does not appear to be given in any of the 
usual references for sonic-boom theory. Such a proof could develop from the 
observation that for the same conditions near-field and far-field signatures 
have identical impulses and that near-field overpressures can be less than but 
not greater than overpressures on the linear-decline portion of the far-field 
signature. 
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where A , (x )  = A(x) + B(x) with A(x) represent ing t h e  a c t u a l  a i rc raf t  cross- 
s e c t i o n a l  area and B(x) t h e  equ iva len t  area due to l i f t .  
For previous s t u d i e s  i n  which the  bodies were s l ende r  and t h e  d i s tu rbances  
propagated along l i n e s  not too d i f f e r e n t  from Mach l i n e s ,  area d i s t r i b u t i o n s  
as def ined by supersonic  area-rule  concepts were 
employed. In  t h i s  instance,  where the b lun t  
shape f o r c e s  t h e  formation of  a normal shock 
ahead o f  t he  nose,' a d i s t r i b u t i o n  of  area nor- 
m a l  to t h e  free stream is bel ieved to be more 
appropriate .  The normal area d i s t r i b u t i o n  also 
avoids t h e  dilemma encountered when t h e  vehicle  
ang le  of attack exceeds the  Mach angle. The 
problem is i l l u s t r a t e d  i n  t h e  sketches a t  the 
r i g h t .  A s  shown i n  the  f i r s t  s k e t c h ,  there is 
l i t t l e  problem i n  i n t e r p r e t a t i o n  of supersonic 
a rea - ru l e  concepts  when the  Mach number is low 
and the  angle  of attack small. However, as 
shown i n  t h e  second s k e t c h ,  where the Mach num- 
ber and t h e  angle  of attack are l a r g e  t h e r e  is a role r e v e r s a l  i f  t h e  usua l  con- 
cepts are employed - t he  a i rcraf t  t a i l  precedes the  nose. N o r m a l  area d i s t r i b u -  
t i o n s  avoid t h i s  problem. 
w
, \A 
\ E  
\- 
The equ iva len t  area due to l i f t  is defined as  
There are two c o n t r i b u t i o n s  to the l i f t i n g  force L(x) . The f i r s t  and most 
important con t r ibu t ion ,  t h a t  due to f l a t - p l a t e  wing l i f t ,  may be approximated 
as 
f l a t  d e l t a  wings. For o the r  f l a t  wings it is a reasonable approximation. The 
second c o n t r i b u t i o n  to the l i f t i n g  fo rce  results from the  e f f e c t s  of camber a t  
Oo angle  of attack. For t h e  wind-tunnel configurat ion,  camber effects are gen- 
erated o n l y  by the  e s s e n t i a l l y  flat-bottomed fuselage.  T h i s  c o n t r i b u t i o n  was 
approximated as CL,oqC(x) i n  which the assumed camber l i f t  d i s t r i b u t i o n  C(x) 
was obtained with t h e  a i d  of slender-body theory. When these  c o n t r i b u t i o n s  are 
combined, t h e  r e s u l t a n t  equ iva len t  area due to l i f t  is 
(CL - C ~ , o ) q b ( x ) .  This assumption is exact w i th in  l i n e a r i z e d  theory for 
The l i f t - c o e f f i c i e n t  d a t a  shown i n  f i g u r e  3 were obtained from re fe rence  16. 
Minor adjustments  were made to account f o r  d i f f e rences  between the  f l a t  wing 
of t h e  sonic-boom m o d e l  and t h e  tw i s t ed  and cambered wing of t h e  force model. 
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Effective area developments for three angles of attack and the two test 
Mach numbers are shown in figure 4. 
the displacement thickness of the model boundary layer. 
size of the boundary-layer contribution is given in figure 4(a). 
distribution of equivalent area due to camber lift (at a = 00 the flat-plate 
contribution goes to zero) is also shown in figure 4 (a). 
The areas shown include an allowance for 
An indication of the 
The assumed 
After evaluation of the F-function and its integral by means of a computer 
program described in reference 15, signature parameters may be defined as 
In these equations, 
numerical solution. 
lift parameter (B/2)CL(S/2*). 
plotted in this form agreed so closely that it was possible to use a single 
curve for both, and presumably for all Mach numbers in this range. 
tors determined by the simplified sonic-boom prediction methods described in 
reference 17 were found to be quite similar. 
KS 
The shape factor is shown in figure 5 as a function of the 
Numerical results for the two Mach numbers when 
is a shape factor determined by the computer programed 
Shape fac- 
By using the parameters defined in equations ( S ) ,  (6), and ( 7 ) ,  theoretical 
signatures for the model at a given Mach number and angle of attack may be rep- 
resented by a simple N-wave. 
in the parameters. The far-field parametric form of signature presentation is 
particularly useful in analysis of experimental data. 
shown later, to assess the degree to which far-field conditions are approached 
and to evaluate the applicability of the theory. 
Variations with distance are taken into account 
It may be used, as is 
RESULTS AND DISCUSSION 
Measured pressure signatures are shown in figures 6 to 11. The parametric 
form of the signatures was chosen to help maintain uniformity in presentation 
of data in which peak overpressures vary from about 1 percent to 15 percent of 
the free-stream static pressure and in which signature length varies from about 
8.5 to about 40 cm. 
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Superimposed on each of the measured and faired signatures is an adjusted 
signature. A-shock front is known to be extremely thin, and measured signatures 
in the vicinity of a shock would be expected to display an abrupt jump in pres- 
sure were it not for the effects of model and probe vibration, probe boundary 
layer, and probe imperfections, as discussed in reference 9. A method, devised 
in reference 15, of reconstructing an idealized, inviscid steady uniform flow 
signature from measured data has been applied to these data. The adjustment 
consists of extending forward the pressure curve behind the shock and inserting 
a vertical line to represent an adjusted shock so that the area under the orig- 
inal signature is preserved. 
As mentioned in the Introduction, one of the objectives of this study was 
to trace the evolution of the pressure signatures to the far-field condition. 
In figure 12, measured signatures from the three h/Z stations are plotted in 
parametric form, which permits a study of the progressive changes in the signa- 
tures with increasing distance and of the approach to the far-field theoretical 
signature (eqs. (5) and (6)). For the weaker pressure signals generated at 
a = 0.3O, a stabilized far-field form appears to have been reached in about 
8 model lengths. However, at the higher angles of attack, especially at 
M = 4.14, the signatures are obviously still in transition to the far-field 
form at the largest wind-tunnel distances. 
Since the distances attainable in the wind tunnel are not sufficient in 
all cases for the generation of signatures which may be directly compared with 
the far-field theory, the extrapolation depicted in figure 13 has been employed. 
Adjusted measured signature parameters are plotted as a function of distance on 
a scale (based on a linear 1/h distribution) which allows inclusion of a point 
at h/1 = OD. Fairing and extrapolation curves were graphically fitted to the 
data so that values of the parameters would increase or decrease monotonically 
and would asymptotically approach a limiting far-field value at h/l = OD. Gen- 
erally, the curves are well-behaved and limiting values should be defined with 
reasonable accuracy. The limiting values differ only slightly from the values 
for the largest wind-tunnel distance. 
The extrapolated adjusted signature parameters are compared with theoreti- 
cal predictions in figure 14. Parameters from far-field theory have again been 
employed. The signature parameters used in the figure have been expanded to 
include Mach number and y terms. As can be seen in equations (5), (6), and 
(71, the parameters of figure 14 are theoretically dependent only on the shape 
factor Ks. In turn, as shown in figure 5, KS for the model is represented 
by a single curve which is a function of the lift parameter 
Thus, the bow-shock overpressure, the signature length, and the signature 
impulse can all be represented in parameters which are theoretically a function 
of the lift parameter alone. Differences between the experimental data points 
and the theoretical curve give an indication of the ability of the theory to 
provide estimates of each of the signature characteristics (bow-shock overpres- 
sure, signature length, and impulse) over a wide range of operating conditions. 
Previous studies (refs. I, 8, 15, and 17, for example) have demonstrated the 
applicability of far-field uniform-atmosphere theoretical methods to the predic- 
tion of sonic-boom phenomena in the real atmosphere, provided that proper use 
is made of atmospheric propagation factors. 
(B/2)C,(S/Z2). 
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As shown in figure 14 (a) , there. is some tendency at the highest angle of 
attack for the theoretical prediction of the bow-shock overpressure to fall 
below the adjusted measured value. However , these discrepancies are fairly 
small. 
The correlation of experiment and theory for signature length (fig. 14(b)) 
is not as good as that for overpressure. 
useful, especially for the lower angles of attack. Commonly, signature length 
is considered to be of lesser importance than either overpressure or impulse in 
defining sonic-boom acceptability. 
The theory should nevertheless be 
As seen in figure 14(c), the theory provides a reasonably good prediction 
of signature impulse. This correlation is of particular significance because 
for this parameter there is no "adjusting" of experimental data. 
These data in combination with that presented in reference 9 indicate that 
simple purely theoretical prediction methods, such as that presented in refer- 
ence 17, can provide reasonably accurate estimates of spacecraft sonic-boom 
phenomena. Further correlations, preferably with flight-test data, are required 
to define more precisely whatever limitations the theory may have. 
An estimated sonic-boom overpressure and signature-duration contour map for 
a typical atmospheric-entry flight profile of the space shuttle orbiter is shown 
in figure 15. 
computing program described in reference 17. Very large overpressures are pre- 
dicted in the immediate vicinity of the landing point. In fact, for a single 
point just beyond touchdown a theoretically infinite pressure is predicted. 
Theoretical singularities also occur all along the boundary of the footprint. 
The infinite pressures are of course only a mathematical concept which occurs 
when boom propagation ray paths become horizontal at the Earth's surface and 
ray areas approach zero. 
has been found in any of the lateral-spread flight-test data (ref. 18). Under 
these grazing-ray conditions , atmospheric nonuniformities and turbulence tend 
to cause a breakup of a previously well-defined pressure signal into random 
noise. Accordingly, the theoretical contour lines near the boundary have been 
altered to indicate a monotonically decreasing overpressure. High overpressures 
along the flight track which result not from grazing-ray conditions but from the 
relative proximity of the vehicle are expected to materialize. Over a region of 
about 2000 km2 (772 miles2) , shock overpressures of more than 100 Pa (2.09 lb/ft2) 
are anticipated. It is also estimated that the shuttle produces much longer 
signatures than those for conventional supersonic aircraft. As indicated in 
figure 14(b), the theoretical predictions of signature duration may be somewhat 
high, perhaps by as much as 20 percent in some cases. 
This prediction was made through use of the pocket-calculator 
Little or no evidence of amplification of this nature 
CONCLUDING REMARKS 
An experimental and theoretical study of the sonic-boom character istics 
of a 0.0004-scale model of the space shuttle orbiter has provided data for 
observation of signature development with distance and for extrapolation to 
larger distances. 
to provide satisfactory estimates of signature bow-shock overpressure and 
Purely theoretical sonic-boom prediction methods were shown 
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impulse at Mach numbers up to 4.14 and at angles of attack up to about 400; 
This information, in combination with that for the blunt body of revolution 
reported in reference 9, indicates that the simplified sonic-boom prediction 
method described in reference 17 should provide reasonably accurate estimates 
of spacecraft sonic-boom characteristics for most of their operational 
conditions. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
April 20, 1978 
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